32. M. J. O'Neill, Hum. Mol. Genet. A docodontan mammaliaform from the Middle Jurassic of China possesses swimming and burrowing skeletal adaptations and some dental features for aquatic feeding. It is the most primitive taxon in the mammalian lineage known to have fur and has a broad, flattened, partly scaly tail analogous to that of modern beavers. We infer that docodontans were semiaquatic, convergent to the modern platypus and many Cenozoic placentals. This fossil demonstrates that some mammaliaforms, or proximal relatives to modern mammals, developed diverse locomotory and feeding adaptations and were ecomorphologically different from the majority of generalized small terrestrial Mesozoic mammalian insectivores.
T he Middle Jurassic mammalian diversification gave rise to several emergent clades: basal eutriconodontans, amphitheriid cladotherians, the basal mammalian lineage of shuotheriids, and basal australosphenidans (1) (2) (3) (4) (5) . These new clades of crown Mammalia coexisted with several mammaliaform lineages (the proximal relatives to modern mammals) (1, (6) (7) (8) . Docodontans are a Mesozoic mammaliaform lineage that have specialized molars for omnivorous feeding; several taxa are known from the Middle Jurassic (1, 9-13). Here, we report on a large docodontan mammaliaform that has some dental features for feeding on aquatic invertebrates and small vertebrates, plus specialized skeletal and soft-tissue features for swimming and burrowing.
Description and comparison. Castorocauda lutrasimilis, gen. et sp. nov. (14) , is from the Middle Jurassic Jiulongshan Formation, dated to be approximately 164 million years ago (15) (16) (17) . The fauna includes pterosaurs (17, 18) , a coelurosaurian dinosaur (19) , lissamphibians (20) , abundant fossil insects (21) , and the conchostracan Euestheria (22) . The holotype of C. lutrasimilis (Fig. 1 ) is represented by a partial skeleton (preserved rostrum-tail length Q425 mm) with incomplete cranium (preserved length Q60 mm) but well-preserved mandibles and lower dentition (incisors 4, canine 1, premolars 5, molars 6). Lower molars 3 to 6 have the diagnostic characteristics of docodontans ( Fig. 2) : anteriorly placed and enlarged lingual cusp g, triangulated crests formed by cusps a-c and a-g, and two partially enclosed basins formed respectively by cusps a, b, and g, and by cusps a, c, and d (9) (10) (11) (12) . As in all docodontans, the molars were capable of both shearing by the triangulated crests and grinding between the anterior (''pseudotalonid'') basin and the transversely widened upper molars (9) (10) (11) (12) . Castorocauda is distinctive from other docodontans in having mediolaterally compressed crowns of molars 1 and 2, each with five cusps in straight alignment (23, 24) ; primary cusp a and posterior cusps c and d are slightly recurved (Fig. 2) . These ''triconodontlike'' anterior molars are plesiomorphic for mammaliaforms (6-8) but nonetheless distinctive among docodontans. They are convergent to those of placental mesonychians and Eocene whales (25) . This type of molar with recurved cusps in alignment is hypothesized to be a specialization for feeding on fish and aquatic invertebrates by functional analogy to the teeth of modern pinniped carnivores such as seals.
Castorocauda is preserved with intact middle ear bones (Fig. 2 ) on the mandible, including the articular (malleus), the surangular, and the angular (ectotympanic). The middle ear bones in anatomical association with the mandible corroborate a previous interpretation of the middle ear in docodontans (26) . A concavity on the posterior aspect of the mandibular angle accommodates the ectotympanic (angular). The posterior position of the ectotympanic concavity on the mandibular angle in docodontans is different from and more derived than that in the mammaliaforms Sinoconodon and Morganucodon, in which the ectotympanic concavity is on the medial aspect of the mandibular angle (6, 7). The manubrium of the malleus (retroarticular process of the articular) is anteriorly curved and long in comparison with the short manubrium of Morganucodon and Sinoconodon (6, 7, 27) . The proportion of the malleus manubrium is similar to that of extant monotremes, although slightly more robust than in the latter. Castorocauda is similar to crown Mammalia and more derived than Sinoconodon, Morganucodon, and all premammaliaform cynodonts (27) in preserved middle ear features.
Our analyses, including new characters of Castorocauda, corroborate that docodontans are a mammaliaform clade, less derived than Hadrocodium but more derived than Sinoconodon and Morganucodon (1, 8, 26, 28, 29) . Among docodontans, Castorocauda is closely related to the Middle Jurassic Krusatodon and Simpsonodon of England (9-11), suggesting interchange between faunas of the Eurasian landmasses during the Middle Jurassic time.
Integument. The fur of Castorocauda is preserved as impressions of guard hairs and carbonized under-furs. Hairs and hair-related integument structures are important characteristics of all modern mammals (30, 31) . Several younger fossils within the crown Mammalia are preserved with fur, including basal eutherians and metatherians (32, 33), multituberculates, eutriconodontans, and symmetrodonts (1) . This indicates that the presence of fur is ancestral for the crown Mammalia. Castorocauda further shows that fur was also present in mammaliaform relatives of modern mammals (Fig. 3A) and that the origins of biological adaptations of mammalian integument, such as tactile sensory function and thermal insulation, occurred before the origin of the crown Mammalia (30, 31). (C) Reconstruction of Castorocauda lutrasimilis as a swimming and burrowing mammaliaform. Abbreviations: as, astragalus; ca, caudal vertebrae; cn, ento-, meso-, and ecto-cuneiforms; co, coronoid process of dentary; cp, carpals; cs, calcaneus; ec, ectepicondyle and supinator shelf (humerus); ef, entepicondyle foramen; ep?, probable epipubis; is, ischium; J, jugal; L1-6, lumbar ribs 1 to 6; m, molars; mb, manubrium of malleus; mp, metacarpals; mx, maxilla; px, premaxilla; ra, radius; rc, radial condyle; S1-2, sacrals 1 and 2; sp, extratarsal (''poisonous'') spur; t4-t14 (preserved ribs through thoracic 17); uc, ulnar condyle; ul, ulna. 
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on the tail, which is at least 50% wider than the pelvic width along the length of the tail. Carbonized scales are present adjacent to caudal vertebrae 9 through 20 but are best seen on both sides of caudals 11 through 18 (Fig. 1) . The proximal 25% of the tail is covered by guard hairs, the middle 50% mostly covered by scales with sparse hairs, and the distal 25% by scales interspersed with guard hairs. The broad and scaly tail of Castorocauda was similar to that of the modern beaver Castor canadensis, a semiaquatic placental mammal well adapted for swimming.
Postcranial skeletal features of Castorocauda also show specializations for swimming. Caudal vertebrae 5 through 13 have dorsoventrally compressed centra, with the more posterior vertebrae completely flattened. Caudal vertebrae 5 through 15 have bifurcate transverse processes. Both are key features of placental mammals with tails specialized for swimming (34) . In caudal vertebrae 5 through 7, the cranial transverse process is much longer than the caudal transverse process. The flattened centrum and bifurcate transverse processes form a distinctive ''butterfly'' pattern (Fig. 4) . This is identical to caudals 9 through 12 of the beaver (Fig. 4) . In caudals 7 through 10, the cranial and caudal transverse processes are of approximately equal size and are similar to caudals of the river otter Lutra canadensis. In caudals 10 through 18, the transverse processes are reduced and the vertebral outline is graded into an hourglass shape. These vertebral and tail characteristics in this Middle Jurassic docodontan are very similar to those of modern beavers and otters, mammals capable of paddling and/or dorsoventral caudal undulation for propulsion in swimming (34, 35) . Remnants of soft tissue between pedal digits suggest some webbing of hind feet. Transverse processes are present in proximal caudal vertebrae of all mammals but are reduced markedly in the vertebrae posterior to the pelvis and are absent in more distal caudal vertebrae of generalized terrestrial mammals (e.g., Felis and Jeholodens). In semiaquatic placentals, the hypertrophied and bifurcate transverse processes form a ''butterfly'' or ''horizontal H'' pattern in caudal vertebrae that are correlated with the scaly and paddlelike tail of the beaver (34) . The Middle Jurassic Castorocauda developed similar caudal vertebral structures and had a broad, flattened, scaly tail as in modern beavers. Its semiaquatic feeding adaptation is similar to that of the modern river otter. (28) (29) (30) (31) (32) (33) (34) (35) (36) . The distal humerus is wide; it has hypertrophied epicondyles, a supinator process, and massive and widely separated ulnar and radial condyles. The ulna has a massive and asymmetrical olecranon process. The radius is robust. The carpals are blocklike, and the metacarpals and proximal phalanges are robust and wide. A single and large sesamoid bone for the digital flexor muscle tendon is present at the metacarpal-phalangeal joint.
Both
The forelimb of Ornithorhynchus is adapted to digging and also used for rowing during swimming and diving (35) (36) (37) . It has been hypothesized that the docodontan Haldanodon was semiaquatic (28, 38) . From the additional evidence of Castorocauda, it appears that many docodontans were burrowing mammals with sprawling limb posture and gait in terrestrial locomotion. They may have also used the forelimbs for rowing during swimming, as an exaptation (37), as in the platypus.
Plated ribs. Based on the preserved ribs and vertebral bodies, we estimate that Castorocauda probably had 14 thoracic, 7 lumbar, 3 sacral and 25 caudal vertebrae (Fig. 1) . The proximal portions of the thoracolumbar ribs have broad costal plates; the adjacent costal plates overlap by at least one-third of the plate width. The costal plates resemble the plated thoracolumbar ribs of the cynodonts Thrinaxodon, Cynognathus (39), and Diademodon (40), although Castorocauda differs in lacking the costal tubercles (ridges) and in the absence of interlocking of adjacent costal plates seen in Cynognathus and Diademodon (39). Among Mesozoic mammals, the gobiconodontid Repenomamus has costal plates in the anterior lumbar and posterior thoracic ribs, but these are far less developed than those in Castorocauda.
Plated ribs have a homoplastic distribution among cynodonts and mammaliaforms. They are absent in the traversodontids but present in the closely related diademodontids. Costal plates are absent in many intermediate groups between primitive cynodonts Diademodon, Cynognathus, and Thrinaxodon, and the more derived Castorocauda. It is parsimonious to hypothesize that Castorocauda represents a reversal (or convergence) to cynodonts in the development of costal plates. Plated lumbar ribs probably increase the insertion area for the M. iliocostalis muscle and reinforce the support of the adjacent vertebral segments by interlocking adjacent ribs, thereby strengthening the trunk (39) . Thoracolumbar rib plates are present (although much narrower) in xenarthran mammals with either fossorial or arboreal adaptations (39) . The plated ribs of Castorocauda are very thin and lack the pachyosteosclerosis (hypertrophied growth of the highly compact bones for buoyancy control), a characteristic of fully aquatic and much larger sirenian mammals.
Castorocauda is the largest known Jurassic mammaliaform (including mammals). By its preserved skull length of Q60 mm and the well-established scaling relation of skull and body mass (8, 41) , we estimate that the body mass of the holotype specimen was at least 500 g. The preserved length from rostrum to tail is 425 mm, but the actual body length is certainly greater. The length of female platypuses with similar fossorial and semiaquatic habits ranges from 390 to 550 mm, corresponding to a body mass range of 700 to 2400 g. We estimate the upper limit of body mass to be approximately 800 g for Castorocauda. All other Jurassic mammals are small (1) . Constrained by their small size, most were generalized terrestrial insectivores or omnivores. Previously, the largest taxon was Sinoconodon rigneyi (7); its largest individuals reached an estimated body mass of 500 g (8) . Based on its relatively large size, swimming body structure, and anterior molars specialized for piscivorous feeding, Castorocauda was a semiaquatic carnivore, similar to the modern river otter. This fossil shows that basal mammals occupied more diverse niches than just those of small insectivorous or omnivorous mammals with generalized terrestrial locomotory features. Castorocauda also suggests that mammaliaforms developed physiological adaptations associated with pelage, well before the rise of modern Mammalia, and had more diverse ecomorphological adaptations than previously thought, with at least some lineages occupying semiaquatic niches. access to collections; and H.-L. You for assistance with
